We studied the diffusion of Ge, As and Ga in GaAs/Ge and Ge/GaAs epilayers grown at different temperatures by metal-organic vapor phase epitaxy using iso-butylgermane, arsine and trimethylgallium in hydrogen atmosphere at low pressure. The use of low temperature buffer layers was investigated in order to overcome the diffusion problem.
Introduction
GaAs/Ge heterostructures are commonly used in high efficiency solar cells. The efficiency of multiple junction cells, such as InGaP/ GaAs/GaAs or GaAs/Ge and triple junction InGaP/GaAs/Ge, is continuously improved [1] . Heteroepitaxy of GaAs on Ge substrate is common for photovoltaic applications and electronic devices but the reverse, Ge epitaxy on GaAs substrate, is much less studied and understood. Ge junctions for either photovoltaic or thermophotovoltaic purposes are not realized by epitaxial deposition and doping of Ge layers, but made by diffusion. Crystal growers make clever use of the diffusion of Ga, As, In and P atoms from GaAs or InGaP into Ge to dope the Ge substrate for the realization of photovoltaic converters for infrared light [2] [3] [4] . However, this process results in a broad interface between n-and p-type regions of the diode. Developing an epitaxial process for the deposition of Ge layers could permit to obtain better doping control and sharper interfaces, resulting in a more abrupt heterointerface and dopant profiles that could enhance device performances, also permitting new photovoltaic cell designs [5] . Development of Ge epitaxy could be also interesting for integrating Ge detectors or optical devices into GaAs or Si electronics, to realize novel MOSFET devices [6, 7] , or to study new diluted magnetic semiconductor such as GeMn [8] .
The interdiffusion in GaAs/Ge and Ge/GaAs heteroepitaxy is a known problem. Since Ge acts as dopant in GaAs, and vice versa, the film/substrate interdiffusion of Ge and GaAs is used to increase the carrier concentrations in the first hundred of nanometers of the layer and to obtain diffused p/n junctions. While this is useful for realizing p/n junctions, there are some cases in which this phenomenon must be suppressed or limited. The use of lowtemperature buffer was used to effectively reduce the problem in GaAs/Ge epitaxy [9] but no information is available for Ge/GaAs system.
Despite the fact that GaAs deposition on Ge is widely employed in commercial devices, Ge epitaxy on GaAs was not widely studied, especially in metal-organic vapor phase epitaxy (MOVPE), because until recent years it was difficult to obtain suitable Ge precursors. For this reason the interdiffusion phenomena in epitaxial Ge are much less understood.
In order to assess this problem we grew GaAs/Ge and Ge/GaAs heterojunctions by MOVPE using iso-butylgermane (iBuGe), arsine and trimethylgallium in hydrogen atmosphere at low pressure, varying the deposition temperature. It is known that GaAs/Ge epitaxy can lead to interdiffusion between atoms in the film and the substrate. We recently studied the interdiffusion processes between Ge film and GaAs substrate, GaAs film and Ge substrate, and between thin Ge and GaAs films by means of secondary neutral mass spectrometry (SNMS), evidencing a slight asymmetry [12] . The aim of this work is to study the influence of temperature on diffusion and to try to develop a process to reduce it. We started by studying the effect of low temperature GaAs buffer layer on Ge and by an investigation of its epitaxial quality by XRD and RBS. Successively, we focused the attention on Ge/GaAs epitaxy. For both the systems GaAs/Ge and Ge/GaAs we obtained element concentration profiles by secondary neutral mass spectrometry (SNMS) [10, 11] . In order to suppress interdiffusion, the use of lowtemperature GaAs and Ge buffer layers was investigated.
Experimental details
Nominally undoped GaAs and Ge layers were deposited at 60 mbar in a home-made horizontal MOVPE reactor, using AsH 3 , trimethylgallium and iBuGe as precursors, and H 2 as a carrier gas. GaAs/Ge and Ge/GaAs layers were deposited, respectively, on Ge (0 0 1) exactly oriented and GaAs (0 0 1) 21 off towards the (1 1 0) direction. No pre-growth processes were performed on GaAs substrates, while the Ge substrate was thermally cleaned at 650 1C for 5 0 before the epitaxial process.
For GaAs/Ge layers deposition four different processes were adopted: we deposited GaAs/Ge at 500 and 600 1C, using a thin (about 40 nm) GaAs buffer layer at 500 1C followed by a deposition at 600 1C and by flowing AsH 3 before the growth at 600 1C. III/V ratio was about 190 and the growth rate varied between about 400 and 600 mm/h depending on the temperature.
In order to study the As, Ga and Ge diffusion versus temperature in Ge epitaxy, several Ge/GaAs layers were grown by varying the temperature between 380 and 700 1C using iBuGe partial pressure of 1 Â 10 À 5 bar. Deposition time is the same for all the samples. In the attempt of trying to reduce Ge diffusion into GaAs substrate when Ge is deposited at high temperature we also grown a sample by depositing an epitaxial Ge buffer grown at lower temperature (430 1C) before Ge/ GaAs epitaxy at 700 1C. Growth rate of Ge layer varied with the temperature between about 200 nm/h and 4 mm/h nm. Several details regarding Ge growth process using iBuGe have already been published by us and other groups [12] [13] [14] .
XRD profiles were obtained on a Philips X'Pert Pro diffractometer using the Cu K a line (0.154056 nm) and a four reflection Ge monochromator with an angular resolution of 12 arcseconds.
Transmission electron microscopy (TEM) results were acquired from /1 1 0S cross sectional specimens, using a JEOL 2200 FS microscope operated at 200 kV.
The depth profile analysis of the samples was performed by SNMS (type INA-X, SPECS GmbH) in the direct bombardment mode by using Ar+ ions with a fairly low energy for sputtering (E Ar + ¼ 350 eV). The erosion area was confined to a circle of 2 mm in diameter by means of a Ta mask. The lateral homogeneity of the ion bombardment was checked by a profilometric analysis of the depth of the craters sputtered.
Rutherford Backscattering Spectrometry in combination with Channeling (RBS/C) analysis was performed in a scattering chamber with a two-axis goniometer connected to a 5 MV Van de Graaff accelerator. The 2 MeV 4 He + analyzing ion beam was collimated with two sets of four-sector slits to the dimensions of 0.5 Â 0.5 mm 2 . In the scattering chamber the vacuum was about 1 Â 10 À 4 Pa. Backscattered He + ions were detected using an ORTEC surface barrier detector mounted in Cornell geometry at scattering angle of Y¼1651.
Results and discussion
As a first step of our work we performed structural characterization of our samples in order to assess crystal quality. Fig. 1 shows XRD profiles of the GaAs/Ge sample grown at 600 1C with and without the addition of the buffer layer at 500 1C. The presence of Pendellosung fringes for the sample with the buffer layer indicates high-quality interfaces. For this latter sample, with the aid of simulations we calculated a lattice mismatch of À 6.23 Â 10 À 5 with the Ge substrate. By comparing these results to the standard GaAs/Ge growth at 500 and 600 1C, XRD shows an enhancement in epitaxy quality, attributed to the presence of buffer layer. Fig. 2 shows the RBS/channeling spectra and random (not aligned) spectrum of three GaAs/Ge samples prepared with different deposition conditions. The surface peaks for the elements Ga and As are marked by arrows and the depth scale for the GaAs layer is represented. The (1 0 0) oriented channeling spectra for the three different samples overlap indicating similar crystalline quality and epitaxial properties of the GaAs/Ge heterostructures. The minimum yield of the channeling spectra to the random yield is about 4% representing an excellent crystalline quality of the top GaAs layer. There is no increase or deflection in the channeling spectra at about the position of the GaAs/Ge interfaces showing the lack of a significant amount of extra defects, strain, or misorientation in the samples. These results are in agreement with XRD and TEM observations. Note that the atomic masses for Ga, As and Ge are very close and therefore the slight stoichiometric disturbances Δθ (arcsec) Fig. 1 . XRD spectrum of a GaAs/Ge samples grown at 600 1C with and without low temperature buffer at 500 1C. The simulation for the sample with low-temperature buffer is also shown. The sample grown at 600 1C without buffer was vertically shifted for clarity. induced by the interdiffusion of these elements cannot be followed, but its possible effect on the crystalline quality of the interface can be detected with RBS. The SNMS profiles for Ge in GaAs film and As in Ge substrate, both for GaAs/Ge epitaxy, show marked differences, as reported in Fig. 3(a) and (b), respectively. The behaviour of Ga and As is the same within the experimental error so, hereafter, only one of them will be considered. The two GaAs/Ge samples grown at 500 and 600 1C differ from each other significantly only when the element concentration is below some percent, with the tail of the sample grown at 600 1C being much more pronounced. This is an expected behaviour, since the diffusion profiles of atomic species into a bulk are usually described by Fick's law, which show temperature dependence. Usually, this is the only parameter under control when realizing a diffused Ge junction by depositing a GaAs onto a Ge substrate. Element profile analysis with SIMS of GaAs/Ge diffusion has been published [9, 15] .
As shown in Fig. 3 the use of a low temperature buffer layer is able to drastically reduce the interdiffusion of elements on both sides of film and substrate. If we define an ''interface thickness'' parameter, calculated on SNMS profiles as the distance in nm between the 90% and 10% concentration points of a particular element, the buffer layer decreases the interface thickness from about 40-50 to 15-20 nm for both the substrate and film side, respectively. Thus, the low temperature buffer layer, once annealed at 600 1C, acts as a diffusion barrier for the elements and does not enhance the crystallographic properties of GaAs. This is true for both the As diffusion into Ge and for the Ge diffusion into GaAs, and is attributed to the Ge segregation and diffusion through Ga vacancies in GaAs. The two phenomena are governed by temperature [9, 16, 17] .
Since a Ge n/p (or p/n) junction can also be realized by flowing a suitable dopant in gaseous form onto Ge surface, we also studied the effect on interdiffusion of this process. Fig. 3 shows the SNMS results for the sample flown with AsH 3 before GaAs growth. The results show a strong asymmetry between the two sides of the interface: the Ge diffusion into GaAs film is much more pronounced than that of the As/Ga diffusion into Ge substrate. Moreover, with this technique no significant differences were observed between the As/Ge diffusion profiles into Ge substrate for the samples obtained with As diffusion and the samples obtained with the direct GaAs/Ge deposition, either at 500 or 600 1C. These results suggest that doping Ge with an AsH 3 flow to realize a junction is not effective at the temperature of 600 1C, and higher temperatures are needed to achieve a correct doping. The diffusion profile of Ge into the GaAs film could be explained supposing that AsH 3 has an etching effect on Ge surface [18] [19] [20] and that after this process Ge remains in the growth chamber or is not completely evacuated. Another possibility to consider is a roughening of the Ge surface after exposure to AsH 3 , which could lead to a more pronounced diffusion of the Ge atoms or to spurious effects in the SNMS measurement.
After the study of GaAs/Ge epitaxy, we focused the attention on Ge/GaAs deposition. Fig. 4 shows TEM micrographs of Ge/GaAs grown at 700 1C, without (a) and with (b) the deposition of a low temperature buffer layer. No extended defects such as stacking faults or dislocations were found. The interface between Ge and GaAs is evident, and some imperfection of the substrate, in the shape of surface depressions with dimension below 100 nm was evidenced (not shown in the photo). High-resolution images show the presence of a perfect epitaxial lattice. No evidence of the lowtemperature buffer was observed, indicating a good Ge epitaxial deposition even at 430 1C.
The samples grown at different temperature were studied with SNMS to analyze element interdiffusion, following the same scheme as for GaAs/Ge samples. The element profiles of Ge/GaAs layers grown at different temperature are shown in Fig. 5 . A strong dependency of diffusion on deposition temperature is evident, with no significant differences between the substrate and the film side. The interface thickness calculated starting from the SNMS profiles for As into Ge layer for Ge/GaAs system (from Fig. 5 ) is reported in Fig. 6 , where a dependency of the logarithm of interface thickness on 1/kT is evidenced. Calculations to relate the diffusion coefficient of As in Ge to the growth temperature in order to obtain the activation energy from Fick's law will be a subject of more detailed work. From our data it is possible to extrapolate a Ge/GaAs interface thickness at 600 1C of about 75-80 nm; this is markedly different from the GaAs/Ge interface thickness discussed previously which had a value of about 40-50 nm. This also confirms our previous results [12] , indicating that the As diffusion process in an epitaxial Ge on a GaAs substrate is different with respect to that of a As in GaAs film deposited on a Ge substrate. If the diffusion occurs through vacancies or interstitial defects, this could mean that their concentration in the epitaxial film is different from the substrate one, probably due to the different growth temperature and procedure between the bulk and the epitaxial film.
The use of a GaAs buffer layer to reduce diffusion between GaAs layer and Ge substrate was discussed in the previous paragraphs. We tried to deposit a low temperature Ge/GaAs thin buffer layer (about 100 nm at 430 1C) followed by a thick (about 2 mm) Ge layer at 700 1C, but the SNMS results show no appreciable differences between this layer and the one deposited at 700 1C without the use of buffer, so we can conclude that even if the quality of Ge layer at 700 1C remains unaffected by the low temperature buffer deposition, this procedure is not effective in limiting interdiffusion between Ge and GaAs.
Conclusions
Diffusion of Ge, As and Ga in Ge/GaAs and GaAs/Ge epilayers grown by MOVPE at different temperatures was studied by SMNS. The use of low temperature buffer layers was investigated in order to overcome the interdiffusion problem and we found that the use of a low temperature GaAs buffer layer reduced the diffusion in GaAs/Ge epitaxy at 600 1C, while a Ge low temperature buffer layer was not effective in reducing the interdiffusion in Ge/GaAs epitaxy at 700 1C. SNMS analysis of element diffusion in the Ge/GaAs system shows that the interface thickness has a logarithmic dependency on 1/kT. An asymmetry was found between the GaAs/Ge and Ge/GaAs systems: as diffusion process in an epitaxial Ge on a GaAs substrate is higher with respect to that of a As in GaAs film deposited on a Ge substrate. 
